Candida glabrata, which can become resistant to fluconazole, is a common cause of bloodstream infection. This study was performed to determine the significance of cross-resistance to new azole drugs among C. glabrata isolates recovered as a cause of infection in azole-treated hematopoietic stem cell transplant (HSCT) recipients. Seven cases of invasive candidiasis caused by C. glabrata occurred in HSCT recipients who were receiving azole therapy between January 2000 and December 2004 in our institution. Case characteristics were ascertained. Sequential colonizing and invasive isolates were examined to determine susceptibilities to fluconazole, itraconazole, and voriconazole, and molecular relatedness by restriction fragment length polymorphism (RFLP) analysis. Twenty-three C. glabrata isolates were recovered from 4 patients who developed candidemia while receiving fluconazole and three patients who developed candidemia while receiving voriconazole. The mode MICs of fluconazole, itraconazole, and voriconazole for these isolates were >64 g/ml (range, 4 to >64 g/ml), 2 g/ml (range, 0.25 to >16 g/ml), and 1 g/ml (range, 0.03 to >16 g/ml), respectively. Kendall tau b correlation coefficients demonstrated significant associations between the MICs of voriconazole with fluconazole (P ‫؍‬ 0.005) and itraconazole (P ‫؍‬ 0.008). Colonizing and invasive isolates exhibiting variable susceptibilities had similar RFLP patterns. These observations suggest that C. glabrata exhibits considerable clinically significant cross-resistance between older azole drugs (fluconazole and itraconazole) and voriconazole.
Candida glabrata is currently the second most common cause of candidemia in the United States, and infection is associated with considerable mortality (6, 12) . Microbial resistance to fluconazole readily develops; according to the 1993 to 2002 data from the ARTEMIS Global Antifungal Surveillance Program, 8 .2% of C. glabrata isolates (n ϭ 949) had a fluconazole MIC of Ն64 g/ml and only 60% were truly susceptible by criteria outlined by previously published interpretive breakpoints (18, 19) . Fluconazole use is thought to be one factor influencing the incidence of C. glabrata infections in certain geographic locations (16) .
Voriconazole is an expanded-spectrum triazole derivative of fluconazole. The drug structurally resembles fluconazole except for the replacement of one of the triazole rings with a fluorinated pyrimidine and an additional ␣-methyl group. It is approved for the primary treatment of acute invasive aspergillosis, salvage therapy for rare but serious fungal infections such as those caused by Scedosporium apiospermum and Fusarium spp., esophageal candidiasis, and invasive candidiasis (8) . Evaluation of the susceptibilities of a large number of C. glabrata isolates suggests that voriconazole activity may be better than that of fluconazole (17, 18) ; however, the potential of clinically significant resistance has become evident with recent reports noting the development of C. glabrata candidemia in patients receiving fluconazole (11) and voriconazole (7) therapy and the observation of cross-resistance developing in isolates recovered from the oral cavity and bloodstream (5) . We performed this study to evaluate the clinical significance of azole cross-resistance in C. glabrata isolates recovered from colonizing and invasive sites of patients receiving azole therapy after hematopoietic stem cell transplantation (HSCT).
MATERIALS AND METHODS
Cases and definitions. This study was approved by the Fred Hutchinson Cancer Research Center Institutional Review Board. To identify cases of fungal infections, HSCT recipients were monitored prospectively. A subset of patients had routine weekly screening for Candida isolates in mouthwash and stool samples. In addition, microbiology records were examined retrospectively for cases of bloodstream Candida glabrata infection in HSCT recipients between 1 January 2000 through 31 December 2004. During this period of time, patients received fluconazole (400 mg once daily) or itraconazole (2.5 mg/kg of body weight three times daily) as prophylaxis after HSCT (13) and voriconazole (3 to 4 mg/kg intravenously or 200 mg orally twice daily) for primary therapy of invasive aspergillosis. Voriconazole was also administered for prophylaxis in selected patients considered to have particularly high risks for invasive mold infection.
Candidemia was defined according to MSG/EORTC criteria (2). A C. glabrata invasive infection was considered to be an "azole breakthrough infection" if it developed after Ն7 days of azole therapy. Pharmacy records were reviewed for the use of antifungals prior to or during candidemia. Charts were reviewed for patient demographic information, underlying disease, HSCT type, comorbidity, immunosuppressive therapies, and outcome.
Microbial testing: susceptibilities and typing. Candida glabrata isolates were stored frozen at Ϫ70°C until recovery by subculture. Fluconazole, itraconazole, and voriconazole susceptibilities were determined by the Clinical and Laboratory Standards Institute (CLSI, formerly NCCLS) M27-A microbroth dilution assay for yeast (14) .
Molecular typing of sequential C. glabrata isolates obtained from patients was performed using a previously described restriction fragment length polymorphism method (10) . Briefly, C. glabrata genomic DNA was isolated using the MasterPure yeast DNA purification kit (Epicenter, Madison, WI) according to the manufacturer's instructions. DNA was digested to completion with EcoRI, and Southern blots were hybridized with 32 P-labeled Cg12, a moderately repetitive DNA probe (provided by D. Soll, University of Iowa) using standard methods (21) .
Statistical analysis. The strength of association between the MICs of fluconazole with itraconazole and voriconazole was assessed using the Kendall tau b rank correlation coefficient (). Bootstrapping and permutation methodologies were implemented to calculate 95% confidence intervals and P values, respectively, while appropriately accounting for correlated observations of isolates obtained within individuals.
RESULTS
During a 4-year period, 7 patients receiving azole therapy developed invasive C. glabrata infections. Case characteristics are listed in Table 1 . The median time between the start of azole therapy and diagnosis of candidemia was 36 days (range, 13 to 173 days).
Colonizing and invasive isolates obtained from patients and corresponding susceptibilities are listed in Table 2 . Three patients (cases 1 to 3) who had colonizing isolates available for analysis had developed colonization with isolates that had high MICs of multiple azoles prior to development of bloodstream infection. Colonizing isolates were not available for analysis from patients 4 to 7.
Isolates that had high fluconazole MICs (Ն64 g/ml) appeared to also have relatively high MICs of itraconazole (Ն2 g/ml) and voriconazole (1 to 2 g/ml). Correlation coefficients suggest significant associations between the MICs of voriconazole and fluconazole (, 0.58; 95% confidence interval, 0.43 to 0.85; P, 0.005) and itraconazole (, 0.74; 95% confidence interval, 0.43 to 0.83; P, 0.008).
Molecular typing by restriction fragment length polymorphism demonstrated similar banding patterns among isolates recovered from the same patients but different patterns of isolates between patients (Fig. 1) . Isolates recovered from case 1 were similar, except for colonizing isolate 11, which appeared to have a genotype similar to that of the isolate recovered from case 4. All other isolates were genetically dissimilar.
DISCUSSION
We report a series of 7 cases of invasive Candida glabrata infections that developed during azole therapy, with several isolates exhibiting relatively high MICs of both the "old" (fluconazole) and "new" (voriconazole) drugs approved for treatment of candidemia. This observation has important therapeutic implications, as it suggests that Candida glabrata can exhibit clinically meaningful resistance across different azole drugs.
The spectrum of activity of voriconazole is increased compared to fluconazole, with several studies reporting that both Candida albicans and non-C. albicans Candida species exhibit low MICs of voriconazole (17, 18) . The finding that MIC 50 s and MIC 90 s of voriconazole for C. glabrata are low, approximately 0.25 and 1 g/ml in large surveys of nonselected isolates (19) , suggests that this drug retains good clinical activity. It is with this justification that investigators of a recent randomized trial evaluating voriconazole therapy for candidemia suggest that voriconazole (and caspofungin) should be considered better alternatives than fluconazole for primary therapy of candidemia (9). However, results of this and other recent case series (1, 11) suggest that these organisms may develop clinically meaningful cross-resistance among azole drugs, raising questions regarding the utility of voriconazole in individuals heavily pretreated with azole drugs.
Candida glabrata isolates for which MICs of both fluconazole and voriconazole are high have been observed. For instance, among the 46 C. glabrata isolates in the ARTEMIS study that were resistant to fluconazole (MIC, Ն64 g/ml) and itraconazole (MIC, Ն1 g/ml), 40 (87%) had a voriconazole MIC of Ն2 g/ml (18, 19) . In a study evaluating voriconazole administered for "salvage" therapy, 90 C. glabrata isolates that exhibited high fluconazole MICs (mean, 128 g/ml) also exhibited relatively high mean voriconazole MICs (4 g/ml) (15). 
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In that study, the proportion of patients with C. glabrata infection who were treated successfully was approximately 25%; as clinical response is also dictated by host factors, success of "salvage" therapy may not be an optimal measure of the clinical impact of microbial resistance. Case series of what appear to be clinically significant microbial resistance are being reported (1, 11) . Importantly, the characteristics and outcomes in these patients appear similar, as most of the patients have had a high amount of azole drug exposure in the setting of immunosuppressive conditions, such as after hematopoietic stem cell transplantation (1, 11) . Two recent studies have investigated the in vitro development of azole cross-resistance in detail. In one study, C. glabrata isolates recovered from clinical specimens during a 3-year hospital survey in Italy were evaluated (22) . In this study, which included isolates that demonstrated both susceptible dose-dependent and -resistant fluconazole phenotypes, cross-resistance to voriconazole was noted. In another study, investigators observed rapid and stable acquisition of azole cross-resistance in C. glabrata isolates that were exposed to fluconazole upon serial culture in the laboratory (4). Our case series adds to our understanding of this phenomenon by demonstrating that colonizing C. glabrata isolates can develop increasingly high MICs to all three azoles during patient exposure to fluconazole, itraconazole, or voriconazole; these cases suggest clinical significance of cross-resistance in a heavily azole-pretreated population.
The mechanisms of resistance of C. glabrata to azoles are being elucidated. We have previously demonstrated that resistance to fluconazole in C. glabrata is associated with increased relative mRNA levels for ATP binding cassette transporters, CgCDR1, CgCDR2, and PDH1, which appeared to occur during patient exposure to fluconazole (3). More recently, evaluation of molecular mechanisms in matched and unmatched isolates recovered from hospitals in Italy provided evidence that increased mRNA of genes encoding CgCDR1, CgCDR2, and CgSNQ2 was associated with high MICs of both fluconazole and voriconazole (22) .
Statistical analysis demonstrated a significant association between the MIC of voriconazole and those of fluconazole and itraconazole, respectively. However, there were isolates in this series that demonstrated variable MICs of the azole drugs; for instance, the first isolate from case 1 had a very high fluconazole MIC with low MICs of both itraconazole and voriconazole. Subsequent isolates demonstrated progressively increased MICs of both itraconazole and voriconazole. Evaluating the mechanism of azole resistance in each of these isolates will be of interest to determine whether efflux pumps, alterations in the azole target, or novel mechanism(s) are involved in sequential acquisition of increasing resistance in the series.
Results of molecular typing suggest that patients became infected with their colonizing strain, as was previously reported (20) . Isolates infecting different people appeared to be different strains, having dissimilar patterns, with the exception of one isolate recovered from patients 1 and 4. Although both of those cases occurred in the year 2000, there was no epidemiological link noted, with consideration of overlapping space and time (data not shown). Also, the isolates recovered exhibited different susceptibility profiles. We cannot definitively state whether these isolates represent the same or similar strains.
Results of this study may have important implications when considering the definition of voriconazole "resistance." Interpretive MIC breakpoints recently approved by CLSI to define voriconazole resistance are as follows: MIC of Յ1 g/ml, susceptible; MIC of 2 g/ml, susceptible dose dependent; MIC of Ն4 g/ml, resistant. In the three patients who developed C. glabrata candidemia during receipt of voriconazole, the isolate MICs were 1 g/ml (case 2), 2 g/ml (case 3), and 4 g/ml (case 4). Other reports noted C. glabrata isolates with MICs of Ͼ2 g/ml "breaking through" voriconazole therapy (1, 7) .
This study demonstrates that colonizing C. glabrata isolates can acquire decreased susceptibility to multiple azole drugs, including voriconazole, during exposure to both voriconazole and "older" compounds, fluconazole and itraconazole. Future research should be performed to determine the molecular mechanisms by which isolates become sequentially resistant to numerous azoles. Caution is advised when considering voriconazole therapy for C. glabrata candidemia in settings that predict fluconazole resistance. 
